Object. Precise delineation of individualized risks of morbidity and mortality is crucial in decision making in cerebrovascular neurosurgery. The authors attempted to create a predictive model of complications in patients undergoing cerebral aneurysm clipping (CAC).
T here is a national trend for accountable care and rationalization of the decision-making process in all areas of medicine. 6 Although large randomized trials 3, [11] [12] [13] have focused on the appropriate treatment in patients with cerebral aneurysms, little attention has been paid to the short-term complications of such interventions, especially in real-world practice. Negative outcomes can result in a significant morbidity burden and should be taken into account when considering treatment options. The parallel trend for negative financial incentivization of complications necessitates benchmarking of cerebral aneurysm clipping (CAC) outcomes and identifying the modifiable patient-level risk factors associated with them.
Although some practicing surgeons recognize the risks of the procedures, justifying the decision-making process based on individual patient characteristics is frequently arbitrary.
Several studies have attempted to identify such complications; however, they have mostly focused on comparing adverse events in patients undergoing clipping versus coiling. There has been no investigation of modifiable patient-level risk factors that can affect outcomes. Further, most of the studies have been retrospective analyses of single-institution experiences, 10 demonstrating results with limited generalization given their inherent selection bias. The interpretation of other multicenter studies is equally limited given their focus on specific subgroup data 1, 2, 4, 5, 7, 8 or their consideration of all morbidity as one variable. 3, 15 The Nationwide Inpatient Sample (NIS) is a hospital discharge database that represents approximately 20% of all inpatient admissions to nonfederal hospitals in the US. 17 It allowed unrestricted study of the patient popu-lation in question. Using this database, we identified the preoperative comorbidities associated with postoperative death, unfavorable discharge, stroke, treated hydrocephalus, cardiac complications, deep vein thrombosis (DVT), pulmonary embolism (PE), acute renal failure (ARF), and prolonged hospital stay in patients who underwent CAC. With these data, we developed a risk factor-based predictive model for negative outcomes in CAC surgery.
Methods

Nationwide Inpatient Sample Database
All patients in the NIS database 17 (Healthcare Cost and Utilization Project, Agency for Healthcare Research and Quality, Rockville, MD) who had undergone CAC between 2005 and 2009 were included in our analysis. For these years, the NIS contains discharge data for 100% of discharges from a stratified random sample of nonfederal hospitals in several states to approximate a representative 20% subsample of all nonfederal US hospital discharges. More information about the NIS is available at http://hcup-us.ahrq.gov/nisoverview.jsp.
Cohort Definition
To establish the study cohort, we used ICD-9-CM codes to identify patients in the registry who had undergone clipping (ICD-9-CM code 39. 
Independent and Outcome Variables
The primary outcome variables (Table 1) were the inpatient postoperative risks of stroke, cardiac complications, death, treated hydrocephalus, DVT, PE, ARF, length of hospital stay more than 4 days for patients with unruptured aneurysms, length of hospital stay more than 14 days for patients with ruptured aneurysms, and unfavorable discharge (transfer to short-term hospital, skilled nursing facility, intermediate care, or rehabilitation center). The effect of pertinent exposure variables on outcomes was examined in a multivariate analysis. Age was the only continuous variable. Sex, diabetes mellitus, chronic obstructive pulmonary disease (COPD), hypertension, hypercholesterolemia, peripheral vascular disease (PVD), congestive heart failure (CHF), coronary artery disease (CAD), history of stroke, obesity, chronic renal failure (CRF), and coagulopathy were categorical variables.
Statistical Analysis
Logistic regression was used to assess the ability of each preoperative patient characteristic to predict inpatient postoperative complications. Based on these data, a multivariable logistic regression model was developed to predict each complication. The predictive ability of each of these models was assessed using the c-index (area under the receiver operating characteristic curve), which was corrected for overfitting bias by using leaveout cross-validation (for example, leave 10% out, repeated 1000 times, as well as bootstrap validation, repeated 1000 times). The Hosmer-Lemeshow test was used to assess the calibration of each model. Interactions were tested, but none were significant at the threshold (0.001) we set to correct for multiple testing (20 × 19/2 = 190 interactions in all). Moreover, none improved the c-index by more than 0.002. Statistical analyses were performed using Stata version 12 (StataCorp LP), XLSTAT version 2011.2.01 (Adinsoft), and R version 2.15.1 (R Project for Statistical Computing). The level of statistical significance was set at 0.05 based on 2-tailed tests.
Results
Demographics and Clinical Characteristics
In the selected study period, 7651 patients registered in the NIS had undergone CAC (71.4% females, mean age 53.5 years), and 3682 (48.1%) of them had presented with unruptured aneurysms and 3969 (51.9%) with SAH ( Fig.  1 and Table 2 ).
Clinical Outcomes
The inpatient postoperative incidence of death, unfavorable discharge, stroke, treated hydrocephalus, cardiac complications, DVT, PE, and ARF was 0.7%, 15.3%, 5.3%, 1.5%, 1.3%, 0.6%, 1.96%, and 0.1% for unruptured aneurysms and 11.5%, 52.8%, 5.5%, 39.2%, 1.7%, 2.8%, 2.6%, and 0.8% for ruptured aneurysms, respectively ( Table 3 ). All of the outcomes, except for stroke, cardiac complications, and PE, were encountered significantly more often in cases of SAH.
Multivariate Analysis of Inpatient Postoperative Outcomes
A multivariate analysis of the effects of several preoperative factors on the risks of inpatient death ( Fig. 2A) , stroke ( Fig. 2B ), treated hydrocephalus ( Fig. 2C ), unfavorable discharge (Fig. 2D) , length of hospital stay more than 4 days (Fig. 2E ), cardiac complications ( Fig. 3A) , ARF ( Fig. 3B) , DVT (Fig. 3C ), and PE ( Fig. 3D ) for patients undergoing CAC for unruptured aneurysms was performed. A similar analysis for patients undergoing CAC for ruptured aneurysms was also performed (Figs. 4 and 5). Increasing age and history of stroke were universally associated with higher mortality. Risk factors frequently associated with other postoperative complications were diabetes, PVD, hypertension, and coagulopathy.
Predictive Model Application
The predicted risk for an unfavorable discharge in patients with unruptured and ruptured aneurysms, as well as for death and prolonged hospital stay in patients with ruptured aneurysms, was plotted against age for the most significant individual variables and their combinations (Fig. 6 ). An additive effect of the variables was observed for the risk for all 4 outcomes. The presence of CHF in patients with a history of stroke increased the possibility of an unfavorable discharge by one-third in patients with unruptured aneurysms. The presence of CRF had a similar effect in patients with a history of stroke and ruptured cerebral aneurysms. In these same patients, that is, those with a history of stroke and ruptured aneurysms, the presence of coagulopathy and COPD doubled the risk of death. Finally, the presence of coagulopathy in patients with ruptured aneurysms and a history of CAD increased the chance for a hospitalization longer than 2 weeks by one-third.
Accuracy of the Model
The area under the receiver operating characteristic curve, or the c statistic, was used to estimate the accuracy of the model. In patients with unruptured aneurysms, the bootstrap-validated c-index was calculated as 0.87 ± 0.024 (mean ± SE) for postoperative risk of death, 0.74 ± 0.015 for unfavorable discharge, 0.77 ± 0.016 for stroke, 0.69 ± 0.028 for treated hydrocephalus, 0.71 ± 0.14 for cardiac complications, 0.77 ± 0.021 for DVT, 0.68 ± 0.03 for PE, 0.96 ± 0.015 for ARF, and 0.62 ± 0.026 for prolonged hospital stay, demonstrating good discrimination. In patients with ruptured aneurysms, the bootstrapvalidated c-index was calculated to be 0.66 ± 0.012 for postoperative risk of death, 0.73 ± 0.015 for unfavorable discharge, 0.70 ± 0.018 for stroke, 0.57 ± 0.014 for treated hydrocephalus, 0.63 ± 0.16 for cardiac complications, 0.58 ± 0.013 for DVT, 0.62 ± 0.013 for PE, 0.77 ± 0.015 for ARF, and 0.65 ± 0.015 for prolonged hospital stay, again demonstrating good discrimination. The cross-validated c-index gave similar results for ruptured and unruptured aneurysms. Each model had good calibration as assessed by a Hosmer-Lemeshow statistic. The Hosmer-Lemeshow test for the inpatient postoperative risk of death (p = 
Discussion
The identification of modifiable risk factors associated with complications and the development of predictive models for outcomes are the cornerstones of defining quality in surgical health care delivery.
6 Accountable care will be based on such benchmarks. 6 Especially in cerebrovascular neurosurgery, the focus on mortality and angiographic outcomes [11] [12] [13] has minimized attention to these important metrics. Using the NIS, we identified modifiable risk factors for such complications and created predictive models for negative outcomes. The application of these models can assist decision making by patients who are amenable to both clipping and coiling.
Although an increasing age and a history of stroke were associated with higher mortality in all patients, a history of coagulopathy and COPD specifically increased the risk of death in those with SAH. The latter constellation of risk factors may be associated with a higher Hunt and Hess grade at presentation, resulting in worse outcomes. The protective effect of hypercholesterolemia may be associated with the potentially beneficial role of statins in the survival of patients with SAH. 19 The observed inpatient mortality-0.7% for those with unruptured aneurysms and 11.5% for those with SAH-is slightly less than that reported in the current literature. [1] [2] [3] [4] [5] 10, [12] [13] [14] [15] [16] In previous studies of the NIS, that is, those not focusing on other complications or patient-level predictive factors, an increasing age [1] [2] [3] was also associated with higher mortality. Morbidity directly related to the surgical intervention (postoperative stroke and treated hydrocephalus) was also investigated. The incidence of stroke due to operative intervention was no different among patients with or without SAH. It was most commonly seen in patients with a history of ischemic stroke, probably because of their higher atherosclerotic burden. Treated hydrocephalus was observed in 39.2% of the patients with SAH and only a minority (1.5%) of patients with unruptured aneurysms. These rates were, as expected, higher than those reported for shunt placement in similar patients registered in the NIS. 7 Patients with a higher atherosclerotic burden (prior ischemic stroke or cardiac disease) appeared to have a higher incidence of severe hydrocephalus, perhaps because these patients have a higher Hunt and Hess grade at presentation and more complex operations, thus increasing the risk of hydrocephalus. The observed protective effect of hypercholesterolemia could again be associated with a beneficial effect of statin use on this outcome.
19
The observed incidence of general medical morbidity measures was similar in all patients undergoing CAC, except for the higher rate of DVT in patients with SAH. The lack of anticoagulation and prolonged immobilization in this group of patients may explain the latter. Increasing age and previous heart disease were associated with cardiac complications. A higher atherosclerotic burden (PVD) and CRF were common factors associated with ARF. Patients with coagulation disorders, including alcohol consumption, who probably underwent reversal of their coagulopathy, and others who were more prone to longer immobilization (obesity and prior stroke) had a higher incidence of DVT and PE. These rates are in accordance with those previously reported. 1 Finally, we investigated some metrics currently under scrutiny by Medicare when it considers appropriateness of reimbursement. A prolonged hospital stay was associated with increasing age, patient immobility (obesity and prior stroke), general medical comorbidities (CHF and diabetes), and coagulopathy. Unfavorable discharge was, as expected, more commonly seen in patients with SAH and was associated with increasing age, general medical comorbidities, and other factors (prior stroke and coagulopathy) that also contributed to prolonged hospitalizations. The effect of increasing age on unfavorable discharge has also been noted in prior studies. [1] [2] [3] 19 The proposed predictive model for all outcomes was validated and demonstrated good accuracy and discrimination. In the context of the results of prior randomized studies, the model may serve as a useful tool for patient counseling and informed decision making in the preoperative phase of CAC. This model can be further refined and validated in prospective studies of this population. If the risk of morbidity and mortality is predicted to be unacceptably high for clipping, even after optimizing any modifi- able risk factors, alternative options should be sought more aggressively (coiling and observation) when appropriate.
The present study has several limitations common to administrative databases. Indication bias and residual confounding could account for some of the observed associations. In addition, some coding inaccuracies will undoubtedly occur and can affect estimates. This is no different from what happens in other studies involving the NIS. However, several reports have demonstrated that coding for SAH has a nearly perfect association with medical record review. 9, 18 The NIS for the years studied did not include hospitals from all states; however, the hospitals included were still diverse with respect to size, region, and academic status, supporting the generalizability of our findings. The NIS does not provide any clinical information on the structure, size, or location of the aneurysms, which are important factors in cerebrovascular neurosurgery. Other significant predictors of outcome that have been validated, such as baseline neurological status and Hunt and Hess grade, are also not included. Neither are a number of complications specific to aneurysms contained in the NIS, for example, rebleeding and vasospasm. Additionally, we lacked posthospitalization and long-term data in these patients, as well as disease severity in those presenting with SAH.
There is potential bias in the patient-level risk factors selected for investigation. Further, there is also bias in our assignment of the length of prolonged hospitalization (more than 14 and 4 days for ruptured and unruptured aneurysms, respectively). However, these time limits were chosen based on mean values presented in the literature [1] [2] [3] and only served the purpose of creating a predictive model. Finally, the retrospective nature of our study introduces a selection bias that can affect the outcomes of clipping.
Conclusions
The NIS is a prospective hospital discharge database that contains a representative sample of all inpatient admissions to nonfederal hospitals in the US. Using its data, we identified independent preoperative risk factors associated with death, unfavorable discharge, stroke, treated hydrocephalus, cardiac complications, DVT, PE, ARF, and prolonged hospitalization in patients who had undergone CAC. With the results of multivariate analysis, we devised and validated a risk factor-based predictive model of all the outcomes. Although these predictions should be generalized with caution, the model may assist with risk stratification and tailoring of surgical decision making in individual patients. 6 . Diagrams of the risk for an unfavorable discharge in patients with unruptured aneurysms (A) and ruptured aneurysms (B), as well as for death (C) and a prolonged hospital stay (D) in patients with ruptured aneurysms for the individual variables found to be statistically significant (highest odds ratio) on multivariate analysis, as well as their combination against patient age (x-axis). The left y-axis represents the absolute probability of developing an outcome for individual risk factors or their combination. The right y-axis represents the absolute probability of developing an outcome for all risk factors combined (including nonsignificant variables). 
